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Abstract
Traditional derivations of general relativity from the graviton degrees of freedom
assume space-time Lorentz covariance as an axiom. In this essay, we survey recent
evidence that general relativity is the unique spatially-covariant effective field theory of
the transverse, traceless graviton degrees of freedom. The Lorentz covariance of general
relativity, having not been assumed in our analysis, is thus plausibly interpreted as an
accidental or emergent symmetry of the gravitational sector. From this point of view,
Lorentz covariance is a necessary feature of low-energy graviton dynamics, not a property
of space-time. This result has revolutionary implications for fundamental physics.
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1. Introduction
For over a century, physicists have grappled with the logical foundations of general
relativity (GR). Einstein arrived at GR by combining his gravitational equivalence principle
with the Lorentz covariance of special relativity. Quantization yields a particle, the graviton,
with two transverse, traceless polarizations. The local gravitational degrees of freedom are
thus determined by the macroscopic properties of gravitational fields and the assumed space-
time symmetries.
Using the formalism of quantum field theory, it is possible to invert this reasoning: GR
is the unique Lorentz-covariant theory of a self-interacting massless spin-2 particle, and the
equivalence principle results from the form of the interactions in the long-wavelength limit [1–
3]. In this picture, GR follows directly from 1) the local gravitational degrees of freedom and
2) space-time symmetries.
Without question, GR is the most successful extant paradigm for the interpretation of
gravitational phenomena. Nonetheless, there are compelling reasons to question the basis
of gravitational theory. One motivation is to explain empirical anomalies, most notably the
observed magnitude of the cosmic acceleration. Another is the pursuit of theoretical under-
standing; by placing GR alongside alternative approaches, we can more clearly perceive the
role played by each of its logical elements.
In this essay, we survey recent theoretical progress demonstrating that GR can be derived
from the local gravitational degrees of freedom without assuming space-time symmetry [4, 5].
Our approach relies instead on the weaker assumption of spatial covariance in the context of
the effective field theory of the transverse, traceless gravitons. By way of phenomenological
motivation, the observed cosmic rest frame provides a strong justification for assuming spatial
covariance, and the claimed detection of B-modes in the CMB is powerful evidence for the
transverse, traceless graviton polarizations [6]. Our result implies that Lorentz covariance is
a necessary feature of low-energy graviton dynamics, not a property of space-time: Lorentz
covariance is an emergent symmetry of the gravitational sector.
2. Relaxing Lorentz Covariance
In canonical form, GR is a theory of a spatial metric hij subject to first-class constraints
Hµ. Each constraint generates a space-time gauge symmetry and eliminates a physical degree
of freedom. The Hamiltonian constraint H0 generates local time reparameterizations and
eliminates the scalar polarization of the graviton; the momentum constraints Hi generate
spatial diffeomorphisms and eliminate the longitudinal polarizations of the graviton. In 3 + 1
dimensions, the spatial metric has six components hij subject to four constraints Hµ, so
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the graviton has 6 − 4 = 2 transverse, traceless polarizations. In this framework, Lorentz
covariance arises because the constraints Hµ obey the Dirac algebra [7, 8], the algebra of the
deformations of a space-like hypersurface embedded in a Lorentzian space-time manifold [9].
The technical role of the constraints is clarified by a conformal decomposition of the
spatial metric. Following [10], in d spatial dimensions we define
h˜ij ≡ e−Ωhij , Ω ≡ 1
d
log h . (1)
By definition, the metric h˜ij has unit determinant. The conformal factor Ω controls the local
geometric scale, while h˜ij defines spatial geometry up to local changes of scale. As elaborated
in [4, 5], the Hamiltonian constraint H0 removes the scalar polarization of the graviton by
rendering the conformal factor Ω non-dynamical. Meanwhile, the momentum constraints Hi
remove the longitudinal polarizations from the unit-determinant metric h˜ij.
To relax the assumption of space-time Lorentz covariance, we drop the Hamiltonian
constraint H0; to avoid a scalar graviton polarization, we drop the conformal factor Ω as
a dynamical field. Having one fewer component to begin with, a spatially-covariant unit-
determinant metric h˜ij has the same number of degrees of freedom as a space-time covariant
metric hij. In 3 + 1 dimensions,
5 · h˜ij ′s− 3 · H˜i ′s = 2 Degrees of Freedom . (2)
Here H˜i represents the original momentum constraints Hi after their form has been adapted
to the absence of Ω as a dynamical field.
By construction, spatially-covariant theories of a unit-determinant metric describe the
same transverse, traceless graviton polarizations as GR. Though the kinematical state space
is essentially the same, in principle the dynamical evolution of the graviton degrees of free-
dom could differ dramatically. However, as we will see, demanding a consistent algebra and
evolution for the momentum constraints singles out GR as the unique possibility.
3. Dynamical Evolution and Consistency
To describe the dynamical evolution of h˜ij, we will construct the most general action
consistent with the assumption of spatial covariance. The canonical action functional of a
physical system is defined on paths through phase space. The momentum conjugate to an
ordinary spatial metric hij is a symmetric tensor pi
ij. The conformal factor Ω is conjugate
to the trace of piij, while p˜iij is proportional to the traceless part of piij [4, 5]. Having dis-
carded Ω as a dynamical field, our phase space consists of the unit-determinant metric h˜ij and
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the traceless conjugate momentum tensor p˜iij. To realize spatial covariance, we impose the
momentum constraints H˜i by introducing Lagrange multipliers N i into the canonical action.
In d+ 1 dimensions, the most general spatially-covariant canonical action is
S =
∫
dt ddx
(
˙˜hijp˜i
ij − piH −N iH˜i
)
, (3)
which includes GR in spatially-covariant gauge as a special case [4, 5]. The scalar function piH
is the physical Hamiltonian density; the absence of explicit time-reparameterization invariance
on the reduced phase space implies that piH need not vanish on-shell. Spatial covariance is
enforced by the H˜i momentum constraints, whose general form [4, 5] includes a second scalar
function piK :
H˜i ≡ −2h˜ij∇˜kp˜ijk − ∇˜ipiK , (4)
where ∇˜ denotes the covariant derivative with respect to h˜ij. If Ω were dynamical, piH and piK
would be fixed by the trace of piij; since Ω is assumed non-dynamical, piH and piK are arbitrary
scalar functions. By construction, the graviton of this theory lacks a scalar polarization.
Meanwhile, the constraints H˜i fix the divergence of the momentum tensor, ∇˜jp˜iij, eliminating
the longitudinal polarizations. It follows that the graviton of our theory possesses only the
desired transverse, traceless polarizations.
The scalar functions piH and piK may depend on time t, the phase space variables h˜ij, p˜i
ij,
and their spatial derivatives. The leading scalar operator containing spatial derivatives is the
Ricci scalar R˜ ≡ h˜ikh˜j`R˜ijk`, and it is consistent to impose a cutoff which excludes sub-leading
operators [5]. In the low-energy effective theory, piH and piK depend on spatial gradients
exclusively through R˜. In this formalism, GR corresponds to:
piGRH = −Ω˙(t)piΩ , piGRK =
2
d
piΩ , (5)
where
piΩ ≡ ±
√
d(d− 1)
√
h˜ikh˜j`p˜iijp˜ik` − R˜ e(d−1)Ω(t) + 2ΛedΩ(t) . (6)
Here Λ is the cosmological constant, and Ω(t) is a monotonic function of time.
In general, the allowed form for piH and piK is constrained by two considerations:
i) To generate a consistent gauge symmetry, the momentum constraints H˜i must be first-class
under the action of the Poisson bracket (with respect to h˜ij, p˜i
ij),
{H˜i(x), H˜a(y)} ∼ 0 , (7)
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where ∼ denotes weak equality, i.e., equality after the imposition of all constraints [11, 12].
The condition (7) means that the algebra of the constraints is closed, in the sense that the
Poisson bracket of any two constraints is proportional to the constraints.
ii) The momentum constraints H˜i must be preserved under time evolution:
˙˜Hi ∼ 0 . (8)
These two conditions are remarkably restrictive [4, 5]. After some lengthy algebra, we showed
that they fix the allowed form for piH and piK . The result is
1
piH = −ω˙(t)piω , piK = 2
d
piω , (9)
where
piω ≡ ±
√
d(d− 1)
√
φ(2)± R˜ e(d−1)ω(t) + 2λedω(t) , (10)
with ω(t) an arbitrary function of time. With the trivial relabeling ω → Ω, λ → Λ, this
becomes identical to the GR result given by (5) and (6). To summarize, the combined require-
ments of 1) closure of the constraints and 2) consistency under time evolution are sufficient
to single out GR as the unique effective field theory of the graviton degrees of freedom.
4. Conclusion
We have derived GR from the local gravitational degrees of freedom assuming only
spatial covariance. To our knowledge, this represents an enormous advance over all previous
derivations of GR from the graviton degrees of freedom, which assume Lorentz covariance at
the outset [1–3]. Our approach relies on the weaker assumption of spatial covariance, and yet
achieves an equally powerful result.
In our derivation, consistency forces the operators h˜ikh˜j`p˜i
ijp˜ik` and R˜ to appear in a
Lorentz covariant combination, and our cutoff excludes all higher-order operators which might
spoil the symmetry. Both the conformal scale factor Ω(t) and the cosmological constant Λ
arise in the theory as constants of integration.
In light of our proof, it is plausible to interpret Lorentz symmetry in the gravitational
sector as an accidental or emergent symmetry. Accidental symmetries arise in an effective field
theory when all the allowable operators which violate the symmetry are confined above the
energy cutoff; in this respect, it is the opposite of spontaneous symmetry breaking. From this
1Technically, there is a second possibility, namely that piK and piH are ultralocal functions, i.e., they depend
on t and h˜ij , p˜i
ij , but not on their spatial gradients. This possibility, while not as physically interesting, is a
proof of principle that our formalism allows more general theories than GR, albeit in the ultra-local limit.
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point of view, Lorentz covariance is a feature of low-energy graviton dynamics, not a property
of space-time.
This result has clear implications for fundamental physics. For generations, Lorentz
covariance has been a central pillar in the construction of physical theories. In this work,
gravitational Lorentz covariance has itself been derived from theoretical first principles within
the context of a well-defined physical theory.
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